1 METHOD FOR DESI GNI NG 3- DI MENSI ONAL PORQOUS Tl SSUE ENG NEERI NG SCAFFOLD
Field of the Invention [0001] The present invention generally relates to
nmet hods of designing and fabricating three-dinensional scaffolds, and nore
particularly to nethods of designing apd fabricating a three-di nensional
porous scaffold by using bitmap tenpl ates. Background of the Invention

[ 0002] Designing and fabricating three-dinensional scaffolds are essenti al
for tissue enyEIGRODIGORMESIGNINGtRPIMENSIONMALLOROUSTINAIE abl e t o have

internal pores and internal ' the internal pores, so
that the cells can mgrate iwgmﬁiﬁﬁgegiﬁ#%annel s and grow therein,
resulting in better conpatibility of the scaffolds with their host. [0003]
There have been attenpts to nmanually nodel the mcro-architecture within a
scaffol d by using traditional digldmidb¢ Invgntieshni ques before conmitting the

nodel s for Rapid Prototyping fabrication. However, there are many
limtations of enploying traditional CAD techniques for nodeling the

geomet r yjogoagl mi Cr OFtRS Efﬂsélﬁcin%ﬁti@ﬁ dehoalle repited neanéthods ofifdesigiitng ahe
limtations include: highly Iabor intensive and | ength onput ati onal
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r esour cefabrgating ithree-dynensiaagliscatinldst aI@meH@iHWI@KDOW%QﬂM@ deyigping gad t he
process 4.8.: 1 . T . I ihperative need to
devel op 1}rarllﬁe 1%315}% %13 %@g?grg%shén%gg %lﬁgs ‘&g gtgfrdﬁgggfsfﬁ%ﬁ gg%ﬂntr%g%m é%shensi onal porous
scaffold by elimnating or reducing one or nore of the l[imtations
associated wth the current npethods. This invention satisfies this need by
di scl osi ng net hods of desi gnBAgkgianng ghthedayentlon, ¢ hr ee- di nensi onal por ous
scaffold by wusing bitmap tenplates. O her advantages of this invention
will be apparent with reference to the detailed description. Summary of
the | nveoa2pn 2 [ O@isjgnitige apd daeivhting vienetidimemyiondl desffaldsetd osbefital for
desi gni nt SSltleh rer?glﬁgérmn?gr.lsf:(?rnﬁrllplantable scaffolds, it is desirable to have internal pores and

internal channels connecting the internal pores, so that the cells can migrate into the pores

and channels and grow therein, resulting in better compatibility of the scaffolds with their

host.

[0003] There have been attempts to manually model the micro-architecture within a

scaffold by using traditional CAD modeling techniques before committing the models for

Rapid Prototyping fabrication. However, there are many limitations of employing

traditional CAD techniques for modeling the geometry and micro-architecture of tissue

engineering scaffolds. The limitations include: highly labor intensive and lengthy;

computational resource intensive; and requirement of skilled CAD personnel because the

process is not automated.

[0004] Therefore, there is an imperative need to develop methods for designing and

fabricating a three-dimensional porous scaffold by eliminating or reducing one or more of

the limitations associated with the current methods. This invention satisfies this need by

disclosing methods of designing and fabricating a three-dimensional porous scaffold by

using bitmap templates. Other advantages of this invention will be apparent with reference

to the detailed description.

Summary of the Invention




scaffold structures that are anatom cally accurate and possess the
necessary internal porous mcro-architecture design, wherein the porous

m cro-architecture is necessary for the proliferation and col oni zati on of
cultured cells that lead to tissue formtion. The design method of the
present invention utilizes the pati ent2 data derived from nedical i magi ng
nodalities (e.g., CT or MRI) in conbination with conputer data mani pul ati on
t echni qUeens] The rilﬂ@sprnssent Mnﬁbmprdxdldaskvemeﬁmd\foddesigﬂiag thrhe-dimeensidnaht

scaffol d desi can easi . ufacture by Rapid Protot. in

Fabr | catFUH SEHFIGS S SRR iP Dot S POSIest e DsFeStm it EHULRYPER,
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scaffold with internal pores and internal channels connecting the internal

por es. mxehf@&ttmxandmbmlmnsxf @phumﬁ ogﬁndxaaﬂaadgo blssumbrmem af’bg desagrcor di ng
to the desjred nd dlne ons ann Is.within the
oat o TEAE Of RRCRES Iy TR IO g pidte B RrBE R0 BRTBL g s
pr e- pr oGR&EIifigs (¢ )OC T oFMIRI)GAbmbIRAES Wi RBipatdd dbﬁ%élﬁﬁﬁlhﬁ&ﬂte@ﬁﬁlq&ésur ein
each i mage; duplicating the processed inmages, wherein the duplicated

i mages prSERNt tinvemtion furtbersproyisles Hhalithe sewdtanteafiiokh desien camdecasiiv e
i mages; uff%rur%@?% gdeiggt %%S%afagaca@%&%%%?e bitmap tenplates and the

i mges inc re-pr thereby the grid

pat t er n [odos] he Di t TR@nt %@péoatcﬁ‘&h&\ﬂplréseblenivéﬁﬂikﬁf ahéredis grbeideda memgeSoand
wi || appear as two- dinensional array of pores and channels; and converting
the ser id881g8me hEUeR-FHErIHRal porp%g@sffql%mthsﬂem%m%%s a&%@ﬁ@a@l ghganels

t hree-di a I e
e R S e e
por es ardceddapnel the demadh@hﬁ;ms anbdicien®iohs of hiee woris handf cHahrelgwidsn ahel
spaci ng erm ned b he shape apd di nepsion Qf the pores and
channel Sealigld @f: RGP RaRP I botnRSAES S wagngs ?%’e%%&en%ldas@g-paocessmg
thr esrmlt@l}'o&ﬂnﬁﬁﬁSﬁ’aﬁ%nfa@és {d l)ﬁtgfn' hg r¥ t &ehcHRt ?n chdh intddet huﬁl?&klﬂgrthe

enbodi nent, the number “of duplicates for each slice depends upon
resol ut |mncec3$ed neages, Caviemathe, duphxeaﬁeéqmageda]pmsed db Ad] thor slideethidkinesspess of

the sli In, yet stil.l another thelﬁters ctlo irpweenthe
bi ¢ map. (BT B SREEHGYS FAGRS! pertonaine, HpviEen Bjeihat JRRuen MECHUNty of
the bi t nBfRpakQ0Md thla rlnﬁ?@st RIuBSP et pRiprbAQsRl SRE Bhplida¥RN th@Bby E %ﬁd s
provided a rret hod f abri catl ng a thr ee- di nensi onal orous scaffold with

i nt er nalpagomesd tharblitap temmddtes welhhetrgnsferred onto the images and will appear as two-

dimensional array of pores and channels; and converting the series of two-dimensional

images into STL format; thereby the three-dimensional porous scaffold is designed. In one
embodiment, the number of different bitmap templates depends on the complexity of the
pores and channels. In another embodiment, the width of the grids and spacings are
determined by the shape and dimension of the pores and channels. In yet another
embodiment, the pre-processing uses a thresholding process for filtering unwanted data. In
still another embodiment, the number of duplicates for each slice depends upon the
resolution of the DICOM image, the required pore size, or the thickness of the slices. In yet
still another embodiment, the intersection between the bitmap templates and the images is
determined by the pixel intensity of the bitmap.

[0007] In another aspect of the present invention, there is provided a method for
fabricating a three-dimensional porous scaffold with internal pores and internal channels
connecting the internal pores. The method comprises steps of generating bitmap templates

according to the desired shapes and dimensions of the pores and channels within the




connecting the internal pores. The nmethod conprises steps of generating
bitmap tenplates according to the desired shapes and di nensi ons of the
pores and channels within the 3 scaffold; the bitmap tenplates having grids
and spaci ngs between the grids; pre-processing two-dinensional inages to
obtain the required structure in each $mge; duplicating the processed

i mges, wherein the duplicated imges are used to fill the slice

t hi cknesseffoldbthe \bitampttemnplates hecing igvids andhspesingp bethweenthegridoppregmo@pengt i on
bet ween t he .bitmap . tenplates ang the . es i ncluding the pre-processed
ond Gup! OB R, WERH o Oieftihe paTHERh G R S piace AIPEEEBERT | be
transf erg8ebsodf fnddes, WRBRES ﬂﬁen&hﬁMcHedaiPr&%@é aftSudeioo Al MR SIQNRlckABSRY Of
pores and channel s; converting the series of two-dinensional Inages into

STL f or netwedrheve lwpnsdeativi imegeh perfoirningl Bpoleaw opsméibh dietween thesbigmapi; and
fabricatin he three-di mensiopal porous scaffold . accordj to the STL
Format - JPRPIRS LR OPIPERR SRy HRoRG-RRoarhent ORI MEhOn S Fal
fabri catja@erexttheditnap kdtaisistct 88 be HrahdfeREDRb YR thged ARORIL dpRaOky @6t | Ves
and advant ages of the invention will becone apparent from the follow ng

det ai | edligieBsipng@rtey obpoiss end changclneaerimsttbe sevies @b twodiraensinset ingagen t h

the accQ i dr.awi ngs. .Bri.ef scriptipn of the wi, ngs. [ 000

bref er r d bt a8y R Ries FREmBRLE RoRus, SRRl it B
descri befdbMédtingr @it ahfRCEmedsibidl forgw Ssaffold avédraingl fokide rSiflefenee ofuher al s
denote like elenments. [0010] FIG 1l is a flowhart show ng the main steps
of the deaifgldidesizandnoapembatimegt ofiherpethed, the fabrisation weher dndrdssdresus

scaf f ol | G 2 shows a sanple of the DI COM nedi cal inmges. [0012]
FIG 3 s%&%‘%g&éﬁﬁgﬂgé of the pre-processed nedical inage after having

renoved [péog] unwant Bk elgéaives and hdventageOdf thedhvwaitioh Wl deaans hpyatertfrdn G 2.
[0013] FIG.4 is a_diagramshow ng the refinenment of the slice thicknesses.
[ 0014] ﬁL@ffé%?V@%dstaé?f{ﬁ%wPﬁ&bi qu%(‘;g% ?mpe§mt5¢ﬁ@es{ﬁn§ﬁaw§ﬂ%éw B%ui ve
of the bgcgggﬁpaﬁﬁ{g)&%%gghom in FIG 5a.

Brief Description of the Drawings

[0009] Preferred embodiments according to the present invention will now be
described with reference to the Figures, in which like reference numerals denote like
elements.

[0010] FIG 1 is a flowchart showing the main steps of the designing and fabricating
method of a three-dimensional porous scaffold.

[0011] FIG 2 shows a sample of the DICOM medical images.

[0012] FIG 3 shows a sample of the pre-processed medical image after having

removed the unwanted data from the DICOM medical image as shown in FIG 2.

[0013] FIG 4 is a diagram showing the refinement of the slice thicknesses.

[0014] FIG 5a shows one bitmap template.

[0015] FIG 5b shows the negative of the bitmap template shown in FIG 5a.

[0016] FIG 5c shows a diagrammatic view of forming square pores by overlaying
the bitmap templates of FIG 5a and FIG 5b.

[0017] FIG 5d shows the result of intersecting the Medical Image of FIG 3 with the

bitmap template as shown in FIG 5a.



[ 0016] FI G 5¢ shows a diagrammatic view of form ng square pores by
overlaying the bitmap tenplates of FIG 5a and FIG 5b. [0017] FI G 5d shows
the result of intersecting the Medical Image of FIG 3 with the bitmap
tenplate as shown in FIG 5a. 4 [0018] FIGS 6a and 6b show an enl arged part
of the imge of FIG 5d before and af t%r the nor phol ogi cal operati on.

[0019] FIG 7 shows the constructed three-di nensional structure of the inmage
of FIGIB018h STL fFIGS 64 anb0h skovGas entrogesl parsetitheamdgarbifd Sthsfraandr ea

fabri cat a id. Protqgtyping nachine. Detailed Description of the

| nvent | o%ef%ﬂﬁ’rﬁﬁlggﬁﬁg%pgﬁ%%nventi on may be understood nore readily by

r ef erencofep t he Fig Vapbwe t%b&%ﬁ@teﬂ&ﬁ%%d@xhbmoﬂ sGattusd 6f ﬂﬁﬁﬁﬁg%!ﬂt s of
the i nventi on. {.0022] Throughout this application, where publications are

ref er encld§ 3 tthelL @ilescl osures of these publications are hereby incorporated

by refer , In their, entiretie in I s.applicatj ' r .o nore
fully de@é@?be the s a8t gh% > :ar §cat%%ol%e}réﬁn<{ E}ilesjﬁ%ﬁvaerﬁ% ﬁ%%r%apt)ée%b i%gl.ia 1(8023]
The pr esototypiveniatidhie.pr ovi des net hods for designing and fabricating a

t hr ee- di nensi onal porous scaffold. Briefly, the nethods use specially laid

out bitmap tenplates to create the internal mcro-architecture of the

i ntended scaffold designs i erated consi st of
Defdifed ]?ésrcﬁﬁpﬂfé ﬁfﬁ{e%gg?w

uni form arrays of grids representing ern structure of the
scaffold and the voids in between the structures. A wide variety of bitnmap
tenpl ates can be created by changing the size, spacing and shape of the
grids tdONe ri selltcoProgint prycaHpn saheormylersinad mare rﬁﬁ%}yogm,fmeﬁ%iom

desi gns Mﬂb&&g&&%ﬁaﬁeﬁéﬁfﬁﬁ%ﬁé erir?éxﬁbocﬁ%ﬂéHﬁBF%'in%n@iBﬁf.t' es (e.g.,
porosity, pore€ shape an disSCributt on and I nt erconnectivity) to suit

vari ous [023ue Endgllmeeghmg tppldppitatoors. wRerei pablickitoas i &re acferened, tthe ough

Lhe use Ol eSaTRuL B ARG e Col e g Syt et e 8 Tl ML

slices (fheymey HplicMinCGih Rd& 18 hr8 Fully describe the state of art to which this invention
pertains.
[0023] The present invention provides methods for designing and fabricating a
three-dimensional porous scaffold. Briefly, the methods use specially laid out bitmap
templates to create the internal micro-architecture of the intended scaffold designs. The
bitmap templates generated consist of uniform arrays of grids representing the internal
structure of the scaffold and the voids in between the structures. A wide variety of bitmap
templates can be created by changing the size, spacing and shape of the grids to give rise to
different scaffold internal micro-architecture designs which possess different micro-
structural properties (e.g., porosity, pore shape and distribution and interconnectivity) to
suit various Tissue Engineering applications. Patient data is acquired through the use of
computer based medical imaging systems (e.g., CT, MRI). The output of such imaging
systems is a collection of two-dimensional image slices (tomogram) which are stored in
DICOM file format. Each image slice is separated by a fixed user determined interval
known as the slice thickness. The slice thickness directly affects the resolution and
accuracy of any three-dimensional models generated using the imaging data slices as an
input.
[0024] To create the internal porous micro-architecture of the scaffolds, the

imaging data slices are firstly modified by intersecting them with appropriately selected




DCOMfile format. Each image slice is separated by a fixed user determ ned
interval known as the slice thickness. The slice thickness directly
affects the resolution and accuracy of any three-di nensional nodels
generated using the imaging data slices as an input. [0024] To create the
internal porous mcro-architecture of Ythe scaffolds, the inmaging data
slices are firstly nodified by intersecting themw th appropriately

sel ect ediBndp tempbateerisl Bedean oper8ownl. eBhisopidl wsilom thEHransiarting péhd grid n t he

transferring of .the grid ttern on the.bit tenpl at.e .pontao.the.inage
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geonetry) contour data of the nodified inage slices are extracted. Surface
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f abri catmaodel af thersegffald.nensi onal porous scaffold in accordance with one
enbodi nent _of the pres invention. FIG1 is a flow chart show ng the main

nt . OW,
steps ofl092§k net HORK there isproyidsd apre detiled deneniptign pk thenmethads dar ng
descri pt4.on..W j i C . t :
conveni edr?gl nlgqul ée&‘%?%ﬁ%’??%%fa tgeﬁggﬁgg%gﬁ%l r r5%5r %dgaffé)#{s ﬁgnaééggdegngé e‘%1 ﬂﬁ, g hey
are applandmdimerft@f thdygresent yentidn. t Fi&s pries otv dhatehdwing.thd mairastest ofahe t he
order of steps in the flow chart is designated only for the convenience of
narrat | GRENTERS bﬂéé@ qwt?%ﬁhaé%lﬁeethgrfgiwmr@dd HPIRR Wb U8 RPIFIE he
order of RS i Hdedrd . S ARE Wals
bi t map fcioiﬁ{es ca%eglglg %;éir P {)drg?r?slgi @g%;/}tl%:(rafgnbef oree %’%EQ%SIE tgoglﬁ]oggéerr gcérlﬁg%t'ef‘[ 0026]
Ref er r i nmgogremEIngylbe tiged ifrghtclycute mpplicbher for e methat iofi gheopriepayd inempibat &s

ussed abov di.ne rous scaffold

ffli ... As di , t hr ee-.d nsi onal
conpr i <At e aeh BF SePRMitieray AR ARENLCL GHHERE TheRREnieREe Phal
pores. GReraBsRedtheQiredene ifvefE6Mtan bE \pediced witholPfdllowihE the HRleP bt BRPs
tenplates to create the desired internal pores and channels. Thus, the

bi t map tdepistest sFKy d. cF eragxathpde dbe diepgl 06 creating ditmapdiileh ape be ecformed

di nensi ans,.of .t he Rangs and channels within the scaffold. The nunber of
differe r?tny%rinFrl?ﬁ ofe the Boolean operation.

[0026] Referring to FIG 1, the method may start by creating bitmap templates
offline 10. As discussed above, a three-dimensional porous scaffold comprises internal
pores and internal channels connecting the internal pores. One aspect of the present
invention is to utilize the bitmap templates to create the desired internal pores and
channels. Thus, the bitmap templates are created according to the desired shapes and
dimensions of the pores and channels within the scaffold. The number of different bitmap
templates that have to be created for a scaffold depends on many factors including the size
of the scaffold, the resolution of the medical images, the slice thickness, and the
complexity of the pores and channels. For example, if a square-shaped pore is required,
two different bitmap templates that are exact negatives of one another will be prepared, as
shown in FIG 5a and FIG 5b. The three-dimensional square pore structure is then achieved
by arranging the two different bitmap templates in an alternating manner, as shown in FIG
5c. The shape and dimension of the pores and channels can be controlled by specifying the
width of the grids and the spacing between the grids in the bitmap templates. It is apparent
that the bitmap templates can be employed to create pores and channels within a scaffold

with any shapes and complexity. However, creating pore shapes with more complex




tenpl ates that have to be created for a scaffold depends on many factors
including the size of the scaffold, the resolution of the nedical imges,
the slice thickness, and the conplexity of the pores and channels. For
exanple, if a square-shaped pore is reguired, two different bitmap

tenpl ates that are exact negatives of ©ne another will be prepared, as
shown in FIG 5a and FI G 5b. The three-di nensional square pore structure is
t hen achgeomedriesislemands myire diffement thionagi templagastangimergromplgy artangements of

al t ernati ng. [ shown in FIG 5c. The shape and di nension of the
por es anthgghfge%%gi%gmgﬁﬁe%}g%g%ntroI | ed by specifying the wdth of the grids

and the peagi ng berhweaBafidieofbit@sp itdmplates Rk B AnARAD dalRg of thd Smphpar ent
that the bitmap tenpl ates can be enployed to create_ pores and channel s

Wit hin slesigafyaistng anytaempier Srrnbisssodiveire Biepsuppprty a bitgapvide formak ot isheyt por e
shapes wiit .. nr j re. di i
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[0027] Thethodeadd elgorifhni foregent@nipg aheé snardpulbgngdrarusitmaly esmplgebret Well

t enpl at desi gn by using. any conpute raphi.c software that supports a
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0028] I.n order, to create e three-dinensional. porous, scaffold, .
ooz dl il e S ba o e pBcipls CSORe Drrid inDton: it i oanresisted. R

or U trangumg psentidoehtldd isirot U§ linfia. 1R RRPAALLAR AEditanREINgGIBL es of
the present invention, it is to be appreciated that the present “i nvention

is not stutd icat bedgenFrated wheti e €SI, MR areatheratypesradi cognsitéremsedi atedicdn be
generated either b MRl or .other types of c ut er - hased di.cal

"ol no iR gneraralrd e UPEas upEi R ToRRG BT R o
file formivn sMDigiR] it sikd @bmhiRitafiéhsan MEREHY DEEOMINFIG D shglé £1 ne
(DICOVM. FIG 2 shows a sanple of the DI COM nedical image. Each individual

i mage sldagwlg of ed)ePMmmedisalnignage. Dlaconadivideal imengs shike 1% Hiered damriarglpr of i | e

date, o A I 5 GORA Ot DECE%a g Y Sy RchiBRt 19 @
consecutDMEOMNEES, eath sleswing akpr@teul@scrddisestidrCef thbipakaressbddyatThespadhgr m ned
by between two consecutive image slices is known as the slice thickness that is determined by
radiologists. The DICOM medical images may be generated by actual scanning or
obtained from public databases.
[0029] Then the next step is to pre-process the DICOM files to remove unwanted
Data from them 30. In a typical image slice, the different types of tissues captured by the
imaging system are displayed as distinct regions with different pixel intensity. For
generating a scaffold structure, only the profile of certain tissue/tissues (the tissue/tissues
which the Tissue Engineered implants are going to replace) on each image slice
corresponding to the region of interest is required. As such, each image slice will be pre-
processed to isolate the required data and to remove all unwanted data. FIG 3 shows a
sample of the pre-processed medical image after having removed the unwanted data from
the DICOM medical image as shown in FIG 2.
[0030] The pre-process for categorizing of required and unwanted data from a

DICOM file can be carried out in any possible ways. For example, using a thresholding

process for filtering unwanted data, pixels with intensity value less than the threshold value




radi ol ogi sts. The DI COM nedi cal inmages nmay be generated by actual scanning
or obtained from public databases. [0029] Then the next step is to
pre-process the DICOM files to renove unwanted Data fromthem 30. In a
typical image slice, the different types of tissues captured by the

i mgi ng system are displayed as distinCt regions with different pixel
intensity. For generating a scaffold structure, only the profile of

cert ai n asidstuined dyresser akeempesias/ showa e w. wWhs siehs the tiesisiié vEng sinedd ed

i npl ants_ar ing to, replace) .on ch.image slice  corresponding to the
Fegi on e FhrBls o dnd RFE ke tRef B aR S SRRLEIE Do pre.
9 . (
processqgodp i sol apg <X he readt fRP<dat avidiel ¢ iOthe ERRMBolavalenwant ed data. FIG
3 shows a sanple of &he pre-processed nedical imge after having renoved

the unwant ed data fromf(®*)he DODBWMwedi cal i mage as shown in FIG 2. [0030]
The pre-process for categorizing of required and unwanted data from a
DDCOMfile can be carried out in any possible ways. For exanple, using a

thresholjgdaag pr ocEgSrehval bf LfwhMed WAvPEHEs s¢l b RarrRidX@ltSmidally i 3t@nsi ty
val ue I ess than the threshold value 7 as determ ned by a user are renoved

as showrsppeirbyy wiaiers algnrithm eortanyeishgedediting sofvers that iseppats DREOMefile han
the int (gg}fsr}léty val ue of the pixels representing the required data. [0031]
f(x) = or f(x) < E where F, is the Threshold value f(x) OQherw se

[0032] Tobessy enoval Aohedtivedit ssbvdatiere @a aliso tHiekiedd bétd@eR Wvo BaRsEdutive USi Ng
a specially witten algorithmor any inmage editing software that supports
DI COM f iimage fshiegmt In[qddsio nse thenprecoprogessbdvmage 5Eees fos genespiectdetthieskness

.b et ween &if?@nﬁ?ﬂfﬁeﬁﬂfc.{u\f?, t ieng}gg tﬁic'kﬁg :he{snto.ol;edF ﬁr;[e . u?l?e tré}f“ne?x‘&e%_t e&cﬁé sed
imge slices to generat’e the tThree- dinensional Structure, e sli'ce
t hi cknesschaplithed remaaf diftedent Wagsr €k reemplannRYinbi@entds sloval InsFi€r4.1 Therany

different _ways. .One exenplary refinenent is shown in FIG 4. The, refinenent
i s done TBYngFtiS ?lilen@v H\E)i%llcéléti% they setshel the drepecesssd PIBCMUMRgR gicesties
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made f orslieathicknesscdd. i Ehedmirdrenpfidugpliogtes toebe made for each slice is determined by the
thickness of the pre-processed DICOM image slice and the slice thickness. After
duplication, the image header data of all the slices has to be re-designated by the user. This
modification is necessary to ensure that the inserted slices would be deemed as being a
continuous set of 2D images.
[0034] Referring still to FIG 1, after the bitmap templates are created and the image
slices are pre-processed, a Boolean intersection operation is then performed between the
bitmap templates and the image slices 50. Using this operation, the grid pattern of the
bitmap templates will be transferred onto the image slices and will appear as two-
dimensional array of pores and channels. For example, as shown in FIGS 5a and 5b, two
sets of bitmap templates being exact negatives of one another are used to generate the
squared pores and channels as illustrated in FIG 5c. FIG 5d shows the result of
intersecting the Medical Image of FIG 3 and the Bitmap Template 1 of FIG 5a. Different
bitmap templates for intersection with the image slices will be required for different
geometrical shape and size of the pores generated in the scaffold structure.
[0035] For cases where the pore size is represented by n X n (n>1) pixels,
intersection of the image slices with the bitmap templates may result in the generation of

incompletely-formed pores at the edges of the region of interest. If such incomplete pores




t hi ckness of the pre-processed DICOMinmage slice and the slice thickness.
After duplication, the imge header data of all the slices has to be
re-designated by the user. This nodification is necessary to ensure that
the inserted slices wuld be deened as_being a continuous set of 2D

i mages. [0034] Referring still to FIGH, after the bitmap tenpl ates are
created and the inmage slices are pre-processed, a Boolean intersection
oper at i ame net tehmrve drono theeithdge tsliewsn thelyewilliesutam the fpinadtes afidosetends whge

slices 50. ing this operat,ion, rid pattern of, the bitmap tenpl ates
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scaf f ol diympehed of theBnage of FIG 3 that is represented by using the exemplary STL as the
output file format for the three-dimensional reconstruction process.
[0037] Upon having obtained the STL file, the scaffold can be fabricated 80. There
are many available fabricating techniques that can be used for fabricating the designed
scaffold. The exemplary fabricating techniques include Inkjet printing described by
Sanders Jr. et al. in U.S. Pat. No 5,506,607; Stereolithography described by Hull et al. in
U.S. Pat. No 4,575,330; and Laser Sintering described by Deckard et al. in U.S. Pat.
4,863,538.
[0038] FIG 8 shows a scaffold around the jaw area fabricated by a Rapid
Prototyping machine.
[0039] The materials that are applicable for the present invention are not limited to
any specific type. It could be biodegradable if the scaffold is to be used in providing a
support for tissue growth in vivo. It could be ceramic, plastic, polymers, metals, and alloys
if the scaffold is to be used as implant. The selection of a specific material or materials for

making a scaffold depends upon the characteristics of the desired scaffold.



t hr ee- di nensi onal conputer representati on depends on the sel ected
fabrication nmethod for the scaffold. For exanple, the scaffold can be a
format that can be accepted by the Rapid Prototyping nachine to fabricate
the porous scaffold. For this step, the nodified set of DICOMfiles can be
input into a three-dinensional nvdeliﬁﬁ software that supports DICOMTfile
format for conversion. FIG 7 shows the constructed three-di nensi onal

struct urfeodnf the i Kadle thé pfekéatIntenddn hss bezprdesaivicd dvitiyrefisentg td partiewlanpl ar y

STL as the output file forpat for_ the three-di nensiqgpal reconstruction
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t echni quesoma@ppatent! tokheste fpaviing omignagte skidli inetie byt to Selide the Preseng invghtion n U. S.
Pat. No 5,506, 607, Stereolithography descrihed.by Hull et. al...i U.S. Pat.
No. 4, 57SRERES: Jih plRuBreamiodRTgE Besnseany PREeRRRS Rt e gD pa
4, 863, 5384 JcOPS38I tife! Pent RV¥RtiBn S LRloRliHgIR! ﬁiéné_éo?é‘ of idhREQR hwdhitibaas ed by
a Rapid Prqtotéplng machi ne. [0039] The nmaterials that are applicable for
t he preglsaeribatd byt thereppeaderbicldimsi anstl is suppmitedspecthe i foregopee descrigdiond be

bi odegradable if the scaffold is to be used in providing a support for
tissue growh in vivo. It could be ceramc, plastic, polynmers, netals, and
alloys if the scaffold is to be used as inplant. The selection of a
specific material or materials for making a scaffold depends upon the
characteristics of the desired scaffold. 9 [0040] Wile the present

i nvention has been described with reference to particular enbodinments, it

wi || be understood that the enbodiments are illustrative and that the
i nvention scope is not so limted. Alternative enbodi nents of the present
invention will becone apparent to those having ordinary skill in the art

to which the present invention pertains. Such alternate enbodi nents are
considered to be enconmpassed within the spirit and scope of the present

i nvention. Accordingly, the scope of the present invention is described by
t he appended clains and is supported by the foregoi ng description. 10




CLAIM5 What is claimed is: 1. A nethod for designing a three-di nensional
porous scaffold with internal pores and internal channels connecting the
internal pores, said nethod conprising: generating bitmap tenpl ates
according to the desired shapes and di nensions of the pores and channels
within the scaffold; the bitmp tehplé“bs havi ng grids and spaci ngs
between the grids; pre-processing two-di nensional inmages to obtain the
required structure in each image; duplicating the processed i mages, wherein
t he duplicated i mages are used to ftikuégg slice thicknesses between two
consecutive images; perform ng Bool rati on between the bitmap

tenpl ates and the images including the pre-processed and dupli cated,
thereby the grid pattern of the bitmap tenplates will be transferred onto
t he i magWhatindlawnéd isappear as two-di nensional array of pores and channel s
; and converting the series of two-dinensional inmages into STL format;
thereby the three-dinmensional porous scaffold is designed. 2. The nethod

of claim.l, vwAekethdl for dedifiEing b Eire@birB@RRMAL hdrGud REFfBidtviBPinted patesandt he
number of different bitmap tenpl ates depends on the conplexity of the pores

and chanigitsrral channelsecoppectipg thefinterngl pores, spifbmethad comptisieg:'st ep of generati ng

the bitmap tepplat-esa.: ] i d J 1 ned
by the shape %é%g%é\lﬁ%gm gﬁe%#ﬂ{eggg%%?feﬁg tggléled(f L g%%eﬁggg&ggéﬁégﬁgﬁego Enof
clai m 1,posbesied dhannslstwighiatthe sedffqdd.cthp rimegsicnpldtbehdvite diidensd spuings

i mges, the pre-pr.ocessing uses a thresholding process for filtering
unwant ed>eiuees the grids; The method of claim 1, wherein, in the step of

GupL ot 10 P I ASERr Ay JMRDF gl e, epech
si ze, orindge; t hi ckness of the slices. 6. The nethod of claim 1, wherein, in
the step of pc?JpEiggtmgnt e %?o%lesesgg ir?lggersfi ;[Jv grgin the duplicated images are used to fill the
slice thicknesses between two consecutive images;
performing Boolean operation between the bitmap templates and the images
including the pre-processed and duplicated, thereby the grid pattern of the bitmap
templates will be transferred onto the images and will appear as two-dimensional array of
pores and channels ; and
converting the series of two-dimensional images into STL format; thereby the

three-dimensional porous scaffold is designed.

2. The method of claim 1, wherein, in the step of generating the bitmap templates, the

number of different bitmap templates depends on the complexity of the pores and channels.

3. The method of claim 1, wherein, in the step of generating the bitmap templates, the
width of the grids and spacings are determined by the shape and dimension of the pores

and channels.

4. The method of claim 1, wherein, in the step of pre-processing the two-dimensional

images, the pre-processing uses a thresholding process for filtering unwanted data.



between the bitmap tenplates and the i nages, the intersection between the
bitmap tenplates and the inmages is determ ned by the pixel intensity of
the bitmap. 7. The nethod of claim 1, wherein the two-di nmensional inages
may be nedical inage slices taken by CI, MR, U trasound or other
conput er - based nedi cal imaging systend! 8. The nethod of claim 1,
optionally further conprising: perform ng a norphol ogical nodification to
check, ident iThe methodenfovlaimlll, whareinmp ¢he steprafsdwlichiimg thve prerprgeesséd A
nmet hod f.or fahricatin t hr ee- di nensi onal rous scaffold wfh_i nal
bor es dEEPRAEDEE AL AHRICS(eS S fBER P QeRends ipeh o repian SlabmpICoR o
gener at i;fg, p’lthgrﬁgu;r@d%r@ts%, SGROTHUKAEs T thd@icdesi red shapes and di mensi ons
of the po?es and channels wthin the scaffold; the bitmp tenplates having

grids and spaci ngs between the grids; pre-processing two-di nensional

i mges to obtain the required structure_in each i e; l.icating.the
processel i na s‘,nea}?gr(éﬁq ay ’dﬂ_k‘ﬁr?lea{ne@eiﬂﬁ%é’ pgnfggﬂggggg%leﬁ Iopergﬂ%n_ slice
t hi cknessggedie e BAmMbPOAPNRES dhd (Be iABEES ;th® Shiefictlin® bBEMatheOBi@hap | ON

bet ween the bitmap tenplates and the inages including the pre-processed

and dupltemplated and Herigiages aletgrinineg &y tthe pixdfintensityfithepitmepnpl ates will be
transferred onto the images and will appear as two-di nensional array of
pores and channels ; converting the series of two-dinmensional inmges into

STL format; thensélod bEclainhl eRhdtiiRRsivadimapsioaasmasesf they be meddsisimgped; and
fabricating the three-di nensional porous scaffold according to the STL

for mat ofices akensa€T M1 BTageundior ofler campuiegbased rqding! Haaghesysemst aj m 9,
wherein, in the step of generating the bitmap tenplates, the nunber of
different bitrmap tenpl ates depends on the conplexity of the pores and

channel 3. 11.Thehrethadof claim hooprehhlbdfvethecdomiptisthg: wherein, in the step of
generating the bitmap ) ) ) . .
performing a morphological modification to check, identify and remove all

incomplete pores within the image.

9. A method for fabricating a three-dimensional porous scaffold with internal pores
and internal channels connecting the internal pores, comprising:

generating bitmap templates according to the desired shapes and dimensions of the
pores and channels within the scaffold; the bitmap templates having grids and spacings
between the grids;

pre-processing two-dimensional images to obtain the required structure in each
image;

duplicating the processed images, wherein the duplicated images are used to fill the
slice thicknesses between two consecutive images;

performing Boolean operation between the bitmap templates and the images
including the pre-processed and duplicated, thereby the grid pattern of the bitmap
templates will be transferred onto the images and will appear as two-dimensional array of
pores and channels ;

converting the series of two-dimensional images into STL format; thereby the
three-dimensional porous scaffold is designed; and

fabricating the three-dimensional porous scaffold according to the STL format of

the scaffold design.



tenpl ates, the width of the grids and spacings are determ ned by the shape
and di nension of the pores and channels. 12. The fabricating nethod of
claim9, wherein, in the step of pre-processing the two- dinensional

i mges, the pre-processing uses a thresholding process for filtering
unwanted data. 13. The fabricating nmé€hod of claim9, wherein, in the step
of duplicating the pre- processed i nages, the nunber of duplicates for each
slice depends upon the resolution of the DICOMinage, the required pore

size, or_the thickness of th ljces, 14. .The fabricatin t hod .of claim
5. “wher dih, *They RENG D Terthoof slafiy vBiseHiEa o 3ep i GATBELRAGT TR b ¢ map
tenpl at gsmankst iR AREESf diﬁ%rénﬁ%ﬁﬁ%%ﬁ%in?&t&e&éfﬁﬁdl‘s bR ¢he @Mmglfét?it& QAL es
and the images is determned by the pixel intensity of the bitnmap. 15. The
f abri catpongy amdtchavhetsf cl ai m 9, wherein the two-di nensional inmages nay be

medi cal inmage slices taken by CT, MR, Utrasound or other conputer-based
medi cal imaging systens. 16. The fabricating nmethod of claim9, optionally

further jqonpryygi ﬂﬁBﬁicatiﬂ?rrﬁ@ch&il 08 cRIMD, VHRkG8) ihathe BRFIJfi geaéiaOng R BIRRGK,
identify and renove al incompl ete pores wthin the inmage. 17. The
f abri cattémplatas: thedvidth ofithe aiids anchenaeings argdeterpinadebysthe shatfe ndishmersiothg t he

scaf f ol ddftﬁehgorgseé:n ncithr?elsi.nCl udes free-form prototyping.

12.  The fabricating method of claim 9, wherein, in the step of pre-processing the two-
dimensional images, the pre-processing uses a thresholding process for filtering unwanted

data.

13.  The fabricating method of claim 9, wherein, in the step of duplicating the pre-
processed images, the number of duplicates for each slice depends upon the resolution of

the DICOM image, the required pore size, or the thickness of the slices.

14.  The fabricating method of claim 9, wherein, in the step of performing Boolean
operation between the bitmap templates and the images, the intersection between the

bitmap templates and the images is determined by the pixel intensity of the bitmap.

15.  The fabricating method of claim 9, wherein the two-dimensional images may be
medical image slices taken by CT, MRI, Ultrasound or other computer-based medical

imaging systems.

16. The fabricating method of claim 9, optionally further comprising:
performing a morphological modification to check, identify and remove all

incomplete pores within the image.

17.  The fabricating method of claim 9, wherein, during the step of fabricating the
scaffold, the technique includes free-form prototyping.




